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a  b  s  t  r  a  c  t
We  have  investigated  the  local  polarization  switching  behaviors  of epitaxial  (Bi1/2Na1/2)TiO3 (BNT)  thin
ﬁlms  obtained  by  a pulsed  laser  deposition  (PLD).  Using  ozone  gas  as  a  deposition  atmosphere  of  PLD,
epitaxial  growth  of  BNT  ﬁlms  was  achieved  on SrRuO3/SrTiO3(1  0 0)  electrode  substrates.  Piezoresponse
force  microscopy  (PFM)  revealed  that BNT  grains  in  the  ﬁlms  have  a single-domain  structure  without
domain  walls.  These  domain  structures  and  the  local  polarization  switching  measured  by PFM indicate
that  the  oxidizing  atmosphere  of ozone  gas  is  considered  to  suppress  the  generation  of  bismuth  andeywords:
rystal growth
ulsed laser deposition
xygen vacancy
omain structure
ead-free perovskite
oxygen  vacancies  in  the  deposited  BNT layers.  We  propose  that  the  PLD  method  using  ozone  is  effective
in  obtaining  high-quality  single-phase  BNT  ﬁlms  with  a  less  concentration  of lattice  vacancies.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.NT
. Introduction
Bismuth sodium titanate [(Bi0.5Na0.5)TiO3: BNT] has attracted a
reat deal of attention as a promising base material for lead-free
erroelectrics since Smolenski et al. discovered its ferroelectricity
n 1960 [1]. Pioneering works of Takenaka et al. have demonstrated
hat BNT and its solid solutions are attractive piezoelectric mate-
ials because of their superior piezoelectric properties [2,3]. There
xists a morphotropic phase boundary (MPB) between rhombo-
edral BNT and some other tetragonal perovskite oxides, such
s BaTiO3 (BT) and (Bi0.5K0.5)TiO3 (BKT) [3–5]. Therefore, BNT-
ased solid solutions have been intensively studied in the forms of
eramics and ﬁlms, because superior piezoelectric properties are
xpected for the solid solutions near a MPB  composition.
During heat treatment, the vacancies of bismuth and oxygen
re more or less formed in bismuth-based ferroelectric oxides
ncluding BNT [6]. A ferroelectric switching of polarization states is
ften prevented by the phenomena caused by such vacancies [7–9].
arge leakage current arising from the lattice vacancies makes the
pplication of high electric ﬁeld (E) for the polarization switching∗ Corresponding author. Tel.: +81 358410251.
E-mail address: kitanaka@fmat.t.u-tokyo.ac.jp (Y. Kitanaka).
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producdifﬁcult. In addition, charged lattice defects, especially oxygen
vacancies, are known to cause the domain pinning/clamping, i.e.,
to play an obstacle to the motion of domain walls during the polar-
ization switching. These vacancies degrade polarization properties
and lead to a lower remanent polarization (Pr) and a higher coer-
cive ﬁeld (Ec). Therefore, defect control is essential for obtaining
high-performance bismuth-based ferroelectric materials.
In our previous works [10–13], we  have proposed the crystal
growth under a high-pressure oxygen atmosphere to obtain high-
quality bismuth-based ferroelectric single crystals. A high-pressure
oxygen atmosphere (PO2 = 0.9–1.0 MPa) largely suppresses the
formation of the lattice vacancies during the crystal growth, yield-
ing high-quality crystals in which the full polarization switching is
achieved by applying an E. The application of oxidizing atmosphere
at a high temperature process is expected to be effective in fabri-
cation of not only single crystals but also ceramics and ﬁlms with
high performance. In this study, we  have applied the crystal-growth
technique using oxidizing atmosphere to the growth of BNT thin
ﬁlms via pulsed laser deposition (PLD). We chose SrTiO3 (STO) and
SrRuO3 (SRO) as a substrate and a bottom electrode, respectively,
because these lattice constants (aSTO = 0.390 nm,  aSRO = 0.393 nm)
are close to that of BNT (aBNT = ∼0.39 nm)  [14,15]. Although various
methods have been reported for fabricating BNT-based thin ﬁlms
[16–18], there are few literatures that report polarization switch-
ing properties of BNT thin ﬁlms probably because of difﬁculty in
growth of high-quality BNT crystals. We  adopted pure ozone gas
tion and hosting by Elsevier B.V. All rights reserved.
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Fig. 1. X-ray reciprocal space maps (RSM) of as-deposited BNT/SRO/STO(1 0 0) ﬁlms:Y. Kitanaka et al. / Journal of Asia
19,20] as an oxidizing atmosphere for the PLD method. Epitaxial
rowth of BNT thin ﬁlms on the SRO/STO(1 0 0) substrate crystals
as achieved by the PLD method using the ozone atmosphere.
omain structures and local polarization switching properties of
he ﬁlms obtained have been investigated by using piezoresponse
orce microscopy (PFM).
. Experimental procedure
BNT thin ﬁlms were grown on SRO/STO(1 0 0) substrates by the
LD method under an ozone atmosphere. The SRO/STO(1 0 0) sub-
trates were prepared by depositing a 100-nm-thick SRO electrode
ayer on atomic-ﬂat STO(1 0 0) substrates (Shinkosha Co. Ltd.) by
he PLD method at an oxygen pressure. Epitaxial growth of the
RO electrode layer on the STO substrates was conﬁrmed by X-ray
iffraction (XRD) measurements. For the deposition of BNT ﬁlms,
e used ceramics targets of stoichiometric BNT with a relative
ensity of over 95%, which were prepared by sintering pellets of
ingle-phase BNT powder at 1100 ◦C. A pulsed KrF excimer laser
as adopted for the ablation of BNT targets. The ozone pressure in
 PLD chamber was kept at 5–7 Pa during the BNT deposition by
sing ozone gas (>90% purity) introduced from an ozone generator
ED-HPOG, Ecodesign Inc.). The substrate was heated to 700 ◦C at a
ate of 20 ◦C/min for the growth of BNT ﬁlms. After the deposition,
he ozone pressure was maintained till the substrate temperature
as cooled to a low temperature below 60 ◦C at a cooling rate
f −20 ◦C/min. A typical thickness of the BNT layer was 300 nm
valuated by visible reﬂectance spectroscopy.
The crystal structure of the as-deposited BNT ﬁlms was  char-
cterized using an XRD system (SmartLab, Rigaku Corp.) with a
ve-circle goniometer and a Cu K X-ray source. To obtain basic
nformation on the crystal structure, wide-range reciprocal space
apping (RSM) data were collected using a two-dimensional
etector. High-resolution RSM analyses were also performed in
rder to investigate the epitaxial relationships between the sub-
trate and the ﬁlms through 2–ω scanning using a Cu Ka1 beam
btained by a two-crystal Ge(2 2 0) monochromator.
The microstructures of the as-deposited BNT ﬁlms were inves-
igated using a scanning probe microscopy unit (Asylum Research,
FP-3D). Surface morphology of the ﬁlms was  observed by
ynamic force microscopy (DFM) using silicon cantilevers with a
mall tip radius (<7 nm). We  used iridium-coated silicon cantilevers
ith a spring constant of ∼2 N/m and a tip radius of 10–30 nm as a
onductive tip for PFM. To amplify the PFM signals, an AC tip voltage
f ∼500 mV was driven at a frequency of ∼300 kHz, which is close
o the contact resonance of the cantilever. The dual AC resonance
racking technique [21] was adopted to the PFM measurements
n this study. We  also investigated the behavior of local switch-
ng in BNT ﬁlms using the switching spectroscopy PFM (SS-PFM)
echnique [22].
. Results and discussion
Fig. 1 shows the RSM images on the (0 1 0) plane of the as-
eposited BNT ﬁlms obtained by the XRD analyses. As shown in
he wide-range RSM image (Fig. 1(a)), all diffraction spots were
ndexed to the perovskite structure. Neither additional spots orig-
nating from impurities nor powder rings from polycrystals were
bserved. The deposition of BNT ﬁlms has been reported to easily
enerate secondary phases due to a deviation in ﬁlm composition
rom the stoichiometry [18]. This wide RSM image indicates that
ingle-phase BNT ﬁlms were obtained by PLD. Fig. 1(b) shows the
igh-resolution RSM image for the 1 0 3 reﬂection. Diffraction spots
f both SRO and BNT layers were observed in the vicinity of that
or the STO substrate, which demonstrates that these layers were(a) wide-range RSM image on the (0 1 0) plane and (b) high-resolution RSM image
around the 1 0 3 reﬂection of the STO substrate.
epitaxially grown from the STO(1 0 0) substrate. Lateral positions
of the 1 0 3 reﬂection agree well between the electrode SRO layer
and the STO substrate. This agreement indicates that the crystal
lattice of SRO is laterally compressed and thus vertically elongated
because of the coherent growth from the substrate. The 1 0 3 reﬂec-
tion of the BNT layer was  found to be located very close to that of the
STO substrate. An average value of the lattice mismatch between
the BNT layer and the STO substrate was  estimated as small as 0.1%
from the high-resolution RSM data (Fig. 1(b)). The lateral position
of the 1 0 3 reﬂection for the BNT layer also shows a good agreement
with those for the SRO layer and the STO substrate. Therefore, also
the BNT layer is considered to be subjected to a lateral compressive
stress, the degree of which is smaller than that for the SRO layer
because of the lattice constants of BNT close to those of STO. In
addition, the broad diffraction peak of the BNT layer indicates its
relatively large mosaicity. The full width at half maximum of the
rocking curve was ∼1.0◦ measured for the 1 0 3 reﬂection of BNT
layer.
Fig. 2(a) shows a typical DFM image of the as-deposited BNT
ﬁlms. The BNT ﬁlms exhibit a surface morphology with rectan-
gular grains. The rectangular grains show a tendency to exhibit
(1 0 0)-faceted surfaces like the BNT bulk single crystals [11]; i.e.,
the edges of grains tend to be aligned parallel to the 〈1 0 0〉 direc-
tions of the substrates. The lateral arraignments of the grains imply
the epitaxial growth of these grains from the substrate, as indi-
cated by the RSM analyses. The cross-sectional proﬁle along the
solid line in Fig. 2(a) is represented in Fig. 2(b). The in-plane
grain size was  typically ∼100 nm as shown in Fig. 2(a) and (b).
The root-mean-square (RMS) roughness was  5.1 nm evaluated in
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mation of the crystal lattice during the polarization switching, andig. 2. (a) Surface topography of as-deposited BNT/SRO/STO(1 0 0) ﬁlms observed
y  DFM and (b) the cross-sectional height proﬁle along the solid line in ﬁgure (a).
2he scanned area (3.0 × 3.0 m ) of Fig. 2(a). This surface mor-
hology of the as-deposited BNT ﬁlms is consistent with that
eported for BNT–BKT–BT ﬁlms grown on SRO/STO(1 0 0) substrates
y PLD [14,15]. Abazari et al. reported that the BNT–BKT–BT ﬁlms
Fig. 3. (a) Surface topography, (b) out-of-phase PFM phase and (c) out-of-phmic Societies 3 (2015) 160–163
deposited below 700 ◦C have the columnar structure where colum-
nar grains are epitaxially grown along the [0 0 1] direction from the
substrates. The BNT ﬁlms obtained in this study are assumed to
have a similar columnar structure leading to the columnar mor-
phology as shown in Fig. 2(a). The large mosaicity of the BNT layer
shown in Fig. 1(b) is probably caused by the columnar structure of
the ﬁlms.
Fig. 3 shows typical images of out-of-plane PFM in a grain and its
neighbor of the as-deposited BNT ﬁlms as shown in the topographic
image (Fig. 3(a)). Both the PFM phase (Fig. 3(b)) and the amplitude
images (Fig. 3(c)) show a uniform PFM signal in the grains except
the edges at which the PFM signals are inﬂuenced by the slops of
probe-contacting surface. This result indicates that the BNT grains
exhibit uniform piezoelectricity in the out-of-plane direction. In
addition, no domain walls (DWs) are observed in the BNT grains,
which indicate that the out-of-plane component of polarization in
the grains of as-deposited ﬁlms is directed in one direction, i.e., in
the poled state.
Fig. 4 shows typical SS-PFM results measured near the cen-
ter of the BNT grains in the as-deposited ﬁlms. In the SS-PFM
measurements, the voltage steps of a tip DC bias was  applied to
gradually switch the polarization of ﬁlms, and PFM signals were
measured between these steps while the DC bias was turn off. Dur-
ing the application of the tip bias up to 12 V, the 180◦ changes
in PFM phases were clearly observed as shown in Fig. 4(a). This
result indicates that the applied tip bias induces a polarization
switching at the tip-contacting points. The coercive voltage for the
polarization switching is 3–5 V, which corresponds to an electric
ﬁeld of 100–200 kV/cm calculated from the thickness of BNT layers
(∼300 nm). The coercive ﬁeld of the BNT ﬁlms is much larger than
that of BNT single crystals (20–50 kV/cm) [10,11,23]. We  consider
that the mechanical constraint of the substrates suppresses a defor-thus largely increases the coercive ﬁeld of the BNT ﬁlms. In addition,
the PFM amplitudes (Fig. 4(b)) show symmetric switching behav-
iors with respect to the tip-bias axis. BNT ﬁlms obtained by PLD have
ase PFM amplitude images of as-deposited BNT/SRO/STO(1 0 0) ﬁlms.
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[ig. 4. Switching behaviors of as-deposited BNT/SRO/STO(1 0 0) ﬁlms obtained by
he SS-PFM technique: (a) PFM phase and (b) amplitude as a function of tip DC bias
pplied at the preceding step.
een reported to often suffer from unsaturated polarization prop-
rties due to impurity phases and/or high-concentration lattice
acancies [18]. Therefore, we consider that the PLD method using
zone atmosphere reduces such deﬁciencies and thus enhances the
uality of the BNT ﬁlms so that the local polarization switching is
chieved by the tip bias of PFM.
Here, we discuss the reason why the single-domain structure is
ormed in each grain of the BNT layers as observed by PFM (Fig. 3).
he symmetric loops in the SS-PFM measurements (Fig. 4) indicate
hat there exist no signiﬁcant bias ﬁeld to stabilize one polarization
tate, i.e., an internal bias ﬁeld does not play an important role in
he polarization switching. We  consider that one possible reason
or the single-domain state in the BNT grains is a large formation
nergy of the DWs  in the BNT grains. In the case of ferroelectric
i4Ti3O12 single crystals, the size of 90◦ domains in the virgin state
ends to become large when the crystals are grown under high oxy-
en pressure [24]. The higher the oxygen pressure is during the
rystal growth, the lower the concentrations of the vacancies is in
he lattice [9]. Due to a depolarization ﬁeld near the non-180 DWs,
harged defects such as oxygen vacancies gather around the DWs
nd lower the DW formation energies. As a result, high-quality sin-
le crystals with a low concentration of oxygen vacancies exhibit a
arge size of non-180◦ domains because of a high formation energy
f DWs. The crystal structural analyses and ﬁrst principle calcula-
ions for BNT reveal that the 71◦ domain structure is most favored
ecause of a lower formation energy for 71◦ DW than those of 109◦
nd 180◦ DWs  [25]. BNT grains in the ﬁlms are hence likely to con-
ain 71◦ domain structures in the virgin state. Nevertheless, BNT
rains exhibit the single-domain state without these DWs  (Fig. 3),
hich is probably attributed to the higher DW energies in the high-
uality BNT ﬁlms obtained under ozone atmosphere. In addition,
RD analyses (Fig. 1) show that the BNT layers are subjected to
ateral compressive stress from the substrates. Considering their
[
[
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columnar microstructure (Fig. 2), the compressive stress is induced
especially near the interface between the BNT layer and the sub-
strate, where the domain formation is expected to occur at the Curie
point in the cooling process. The formation of ferroelastic 71◦ DWs
is hindered by the compressive stress near the interface as well as
by the higher formation energy of the DWs, which appears to be
the origin of the single-domain state of the BNT layer.
4. Conclusion
Local polarization switching behaviors of epitaxial thin ﬁlms
of BNT/SRO/STO(1 0 0) have been investigated. PLD method using
ozone atmosphere enables us to achieve epitaxial growth of BNT
layer on SRO/STO(1 0 0) electrode substrates without impurity
phases. The as-deposited ﬁlms are found to contain BNT grains with
a single-domain state by PFM analyses. The SS-PFM measurements
reveal that the BNT ﬁlms show a symmetric polarization switching
behaviors with a coercive voltage of 3–5 V. From these results of
PFM, we consider that the single-domain structure in BNT grains of
the as-deposited ﬁlms is formed due to large formation energies of
non-180◦ DWs  which originates from the high quality of the BNT
ﬁlms obtained by PLD with ozone atmosphere.
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